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ABSTRACT The molecular code of speciﬁc DNA recognition by proteins as a paradigm in molecular biology remains an
unsolved puzzle primarily because of the subtle interplay between direct protein-DNA interaction and the indirect contribution
from water and ions. Transformation of the nonspeciﬁc, low afﬁnity complex to a speciﬁc, high afﬁnity complex is accompanied
by the release of interfacial water molecules. To provide insight into the conversion from the loose to the tight form, we char-
acterized the structure and energetics of water at the protein-DNA interface of the BamHI complex with a noncognate sequence
and in the speciﬁc complex. The fully hydrated models were produced with Grand Canonical Monte Carlo simulations. Proximity
analysis shows that water distributions exhibit sequence dependent variations in both complexes and, in particular, in the non-
cognate complex they discriminate between the correct and the star site. Variations in water distributions control the number of
water molecules released from a given sequence upon transformation from the loose to the tight complex as well as the local
entropy contribution to the binding free energy. We propose that interfacial waters can serve as a ‘‘hydration ﬁngerprint’’ of a
given DNA sequence.
INTRODUCTION
Protein binding to speciﬁc DNA sequences is a key element
in various biological functions related to processing the
genetic information by regulating transcription, replication,
and recombination. The mechanism of DNA sequence dis-
crimination, however, is still poorly understood. Most of our
knowledge has been derived from crystal structures of spe-
ciﬁc protein-DNA complexes that revealed diverse strategies
for a protein interacting with its DNA partner upon forming
a high afﬁnity complex (1,2). Besides the direct hydrogen
bonds established with DNA bases, indirect interactions with
phosphates and those mediated through water molecules
were also found to be important determinants of selectivity.
The energetic contributions of these contacts have been as-
sessed by kinetic measurements using mutant proteins and
DNA base analogs (3,4). Binding to speciﬁc sequences is
associated with a negative heat capacity change that is
termed the ‘thermodynamic signature’ of high afﬁnity com-
plex formation (5). The process of speciﬁc recognition is
initiated by association of the protein with nonspeciﬁc DNA
sites (6,7), which is accompanied with negligible heat
capacity changes indicating that the partners are loosely
bound (8–12). The protein-DNA interface remains fully
hydrated (13,14), and the conﬁgurational freedom of the in-
teracting partners is not signiﬁcantly restricted (5).
Both the high mobility of the protein on the substrate and
the low afﬁnity binding of the protein are the major obstacles
for structural studies of the nonspeciﬁc complexes. Only ﬁve
experimental structures are proposed to represent this initial
stage of protein-DNA binding (15–19). Nonspeciﬁc com-
plexes are characterized by the lack of intimate intermolec-
ular contacts and the excessive hydration of the protein and
DNA that are held together by long-range Coulombic inter-
actions (20,21).
The conversion of the nonspeciﬁc complexes into speciﬁc
ones is accompanied by the release of water molecules from
the protein-DNA interface into the bulk, which provides a
favorable entropic contribution to the free energy of binding
(22). The number of waters released during this trans-
formation has been determined by osmotic stress measure-
ments (13,14,23), although the actual values are still a matter
of debate (D. Cao and L. Jen-Jacobson, personal commu-
nication, 2004). These studies can estimate the total number
of waters that depart from the cognate sequence and the
ﬂanking basepairs that are required for tight binding, but they
cannot give a detailed description of the process. The number
of the waters released by the individual basepairs that would
allow the decomposition of the binding energy and heat
capacity into local contributions cannot be assessed experi-
mentally. Since the energetics of the conversion from the
loose to the tight complex is determined by the balance
between the deformability (ﬂexibility) of the given DNA
sequence and the amount of waters released from the protein-
DNA interface into bulk, we hypothesize that sequence de-
pendent distribution of the interfacial water can play a role in
selecting a given DNA sequence by a protein. To probe this
idea we characterized the water structure and energetics at
the protein-DNA interface of the nonspeciﬁc BamHI com-
plex and compared it to the interfacial water structure in the
corresponding speciﬁc complex.
BamHI is a type II restriction endonuclease that recognizes
the palindromic GGATCC sequence and cleaves it with very
high speciﬁcity in the presence of Mg21 cofactors (7,24).
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Replacement of a single basepair, a guanine with adenine at
the second position (GAATCC), decreases the KM by 3
orders of magnitude, and kcat by 6 orders of magnitude (12).
A comprehensive set of BamHI structures is available: the
free enzyme (1bam; 25), in complex with speciﬁc (1bhm; 26)
and noncognate DNA (1esg; 18), pre- (2bam) and post-
reactive (3bam) complex (27) that provide snapshots along
the reaction pathway.
To provide insight into water structure changes that ac-
company the conversion of a nonspeciﬁc to a speciﬁc com-
plex, we provide for the ﬁrst time, to our knowledge, a
detailed structural and energetic analysis of the interfacial
waters in a noncognate protein-DNA complex using the
complex of BamHI with the noncognate GAATCC sequence.
Since the solvent molecules are highly mobile, the crystal
structure has an incomplete description of the waters in the
interface between the protein and the DNA. To obtain a fully
hydrated model of the noncognate complex, we used cavity
biased grand canonical Monte Carlo (CB/GCE) simulations.
We have tested the reliability of the method by comparing
the observed and computed solvent sites, and we demon-
strate the robustness of the CB/GCE simulations as a tech-
nique to complement crystallographic data of noncognate
complexes. Based on proximity analysis of the water struc-
ture in the noncognate complex, we ﬁnd that the water dis-
tribution at the protein-DNA interface of both the cognate
and noncognate complexes follows a sequence speciﬁc
distribution that allows for a local control of the number of
waters released upon formation of the tight complex. We
thus hypothesize that sequence speciﬁc structure of the water
can serve as a ‘‘hydration ﬁngerprint’’ of a given DNA se-
quence.
METHODS
Models
In choosing the two crystal structures for this study, our sole criterion was to
select structures representing the different binding modes. For studies of the
enzymatic mechanism, these structures may be less than ideal. Based on
energetic considerations, the noncognate complex (1esg) is considered as an
intermediate in course of the transition from the loose, nonspeciﬁc to the
tight, speciﬁc complex (28), rather than a snapshot of nonspeciﬁc binding
that occurs during linear diffusion of proteins on DNA. Also, the relevance
of the asymmetric contacts in the minor groove was questioned based on
kinetic studies using modiﬁed oligonucleotides (29). In our study, we as-
sume that this problem does not affect the structure of the protein facing the
cognate sequence since assuming otherwise would imply that the cognate
sequence can be recognized in different ways.
The noncognate model ESG has been derived from the crystal structure of
BamHI with the noncognate TGAATCCA sequence (the star site is displayed
in italics; PDB code: 1esg (18)), whereas the corresponding speciﬁc model
BHM was constructed from the complex with the cognate TATGGATC-
CATA sequence without bivalent metal ions (PDB code 1bhm (26)).
Hydrogens were built by the HBUILD module of the program CHARMM
version 23 (30). For the GCE simulations, all crystallographic water
molecules were removed from both complexes. The generated water sites of
the noncognate and speciﬁc complexes were collected into the ESG_GS and
BHM_GS models. Numbering of the phosphates corresponds to base
numbers of the shortened substrates; from P2-P7 in the ﬁrst strand and P10-
P15 in the second strand. The scissile groups are P3 and P11, respectively.
Grand canonical Monte Carlo simulations
To obtain a description of the solvent molecules at the protein-DNA
interface in the noncognate complex of BamHI, the CB/GCE method has
been applied (31,32). The CB/GCE technique has demonstrated its
robustness in modeling solvent molecules at crystal hydrates and protein
active sites (32,33). In this approach the insertion of a molecule is attempted
if a cavity of an appropriate radius is found and the insertion is accepted with
a probability:
P
i ¼min 1;PNcav exp B1 EðrN11ÞEðrNÞ
 
=kT
 
=ðN11Þ ;
where EðrNÞ is the potential energy of the system of N particles at con-
ﬁguration rN, andPNcav is the probability of ﬁnding a cavity of a speciﬁc size.
Tomaintainmicroscopic reversibility, the probability of a deletion of a particle
is given by
P
d ¼ minð1;N exp B1 EðrNÞ  EðrN1Þ =kT =PN1cav Þ:
The parameter B is related to the excess chemical potential m9 as
m9 ¼ kTB kT lnÆNæ;
where ÆNæ is the average number of particles.
This method overcomes the problem of particle generation in a condensed
phase at random positions by ﬁrst calculating the probability Pcav based on
a grid scan of the system and then choosing randomly from the available
cavities. Simulations in the grand canonical ensemble result in an excess
chemical potential at a density which is obtained after the equilibrium has
been reached. The density of the bulk phase (i.e., far from solute) is regulated
by adjusting the B parameter. After equilibrium has been reached, the B
parameter is modiﬁed according to the deviations of the bulk phase density
from the target density until the target bulk density is obtained.
Water site deﬁnition
The water positions from the simulation were determined by the generic
solvent site (GSS) approach developed by Mezei and Beveridge (34). For
each conﬁguration of the trajectory, waters are assigned to generic sites
(GSs) based on a procedure using the so-called Hungarian method of graph
theory (35). Here, the maximum deviation is minimized between the GS and
the water assigned to it in each snapshot. If the water-site distance exceeds
3.5 A˚ from the GS, a new site is added at the position of the water site. This
process is iterated until convergence. Since the GSs do not carry labels,
water molecules can exchange between GSs. The GSs are deﬁned by the
mean oxygen positions and characterized by the mean square deviation of
the position and by the occupancy of the site. The occupancy is computed as
the number of conﬁgurations in which a water molecule is assigned to the
GS divided by the total number of conﬁgurations.
Proximity analysis
The water structure at the protein-DNA interface was determined using the
method of proximity analysis (36,37). Proximity analysis assigns a proximal
region to each solute atom deﬁned by Voronoi tessellation of the space
generated by the solute atoms. This is equivalent to partitioning the space by
the bisector planes of neighboring atoms. The proximity regions of solute
groups are the unions of the proximity regions of solute atoms forming the
group. The deﬁnition of the solute groups is ﬂexible; they can be residues,
basepairs, grooves, or phosphate groups. This algorithm is based on
calculating quasicomponent distribution functions of solvent molecules
belonging to the proximity region of each group of the solute. The dis-
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tribution functions are computed from the snapshots generated by the simu-
lation of a given ensemble. The proximity radial distribution function gi(r) is
deﬁned as the quasicomponent correlation function at distance r between
solute atom i and the solvents as,
giðrÞ ¼ ÆnRðrÞ=vðrÞæ=rbulk;
where nR(r) gives the number of waters whose distance r from the nearest
solute atom i falls into the interval [r, r 1 dr], v(r) is the volume of the
shell containing points nearest to solute atom i and falling into the interval
[r, r1 dr], and the symbol,. . . signiﬁes an average over the snapshots of
the trajectory. The running coordination number is deﬁned as
KðRÞ ¼
Z r¼R
r¼0
r3 gðrÞvðrÞdr:
Energy of speciﬁc water sites
The energy associated with a site was evaluated as the average of the in-
teraction energies between the water and the protein-DNA complex cal-
culated for all the waters contributing to that site. The energy associated with
a given region (e.g., minor groove) was calculated as the average of the
energies of all sites in that region, weighted by their occupancies.
Computational details
The noncognate and cognate models were placed in a rectangular cell with
the dimensions 84 A˚3 84 A˚3 84 A˚ for ESG and 93 A˚3 62 A˚3 75 A˚ for
BHM, respectively. The protein-DNA systems were equilibrated for 107
Monte Carlo steps by adjusting the B parameter to reach an average density
in the outer 5 A˚ layer (considered to be bulk phase) comparable to that of
liquid water. Then a production run for 107 Monte Carlo steps was
conducted for both complexes. During the production run, the bulk phase
density was found to vary around 1.001 6 0.003 g/ml for the noncognate
complex and 0.998 6 0.002 g/ml for the cognate complex. The protein and
DNA conformations were kept ﬁxed. The CB/GCE simulations were
performed with the MMC program (http://fulcrum.physiobio.mssm.edu/
;mezei/mmc) using the force ﬁeld of CHARMM, version 22 (38). Waters
were represented by the TIP3P model (39). Nonbonded interactions were
treated under the minimum image convention for the solute-water
interactions, based on distances from the residue centers to the water
oxygen, and water-water interactions were cut off at 10.0 A˚.
RESULTS
Comparison of simulated and crystallographic
water positions
To assess the reliability of our calculations, water positions
generated by CB/GCE simulations were compared to the
water sites observed in the crystal structure of cognate and
noncognate BamHI complexes. In the crystal structure of the
BHM model with the speciﬁc GGATCC sequence, 97 water
molecules out of the total 215 are found in the interface
region, deﬁned as a box of 35 A˚ 3 40 A˚ 3 30 A˚ centered at
the protein-DNA interface that could accommodate the cen-
tral eight basepairs and the active site. All of the 97 waters
have been successfully located by the CB/GCE calculations
with an RMS deviation of 1.2 A˚. Unlike for the noncognate
complex (vide infra) the simulation has found no additional
sites. This is consistent with the tight packing between the
protein and DNA in the speciﬁc complex and the low ther-
mal factors of the observed waters.
In the noncognate complex (ESG), 579 fully occupied
crystallographic water positions were observed. We ex-
tracted water molecules from the 107 conﬁgurations col-
lected during the simulation and ﬁltered those that belong to
the protein-DNA complex using the recently developed
circular variance criteria (40). This analysis produced 4795
GSs of which 2603 sites were fully occupied and 1338
additional sites had occupancy above 0.5. GSs are found at
578 out of the 579 crystallographically observed water sites.
The GSs are in excellent agreement with the crystallographic
water positions with an RMS deviation of 1.3 A˚. The
convergence of the simulations was tested by locating GSs
using the waters in the interface region (within a box of 35 A˚
3 40 A˚ 3 30 A˚) independently for the two sets of 5 3 106
conﬁgurations collected during the simulation. In either set,
787 GSs could be determined with an average RMS of 0.9 A˚.
If all 107 conﬁgurations are analyzed, 795 water sites could
be located. These waters sites are quite stable; 786 positions
are occupied in more than half of the conﬁgurations. These
GSs correspond to 149 out of the 150 water positions in the
same region of the crystal structure with RMS deviation of
1.4 A˚.
The good agreement between the computed and the ex-
perimental water positions in this complex and also in
previous studies (32,33,41) demonstrate the robustness of
the CB/CGE technique in generating fully hydrated models
of crystallographic structures. Application of CB/CGE simu-
lations to noncognate protein-DNA complexes is particularly
useful due to the large number of solvent molecules that
cannot be located at the protein-DNA interface due to their
high mobility.
Water structure around noncognate and cognate
substrates in complex with BamHI
To investigate sequence effects on local water distribution
and discern its possible role in sequence discrimination, hy-
dration patterns around speciﬁc and noncognate complexes
have been analyzed. To this end, the proximity radial dis-
tribution functions and the corresponding running coordina-
tion numbers of the interfacial waters obtained in CB/GCE
simulations were computed in both noncognate and speciﬁc
complexes (Fig. 1). For g(R) around the phosphates, see Sup-
plementary Material.
The radial distribution functions in the grooves of the
speciﬁc BHM_GS complex are mostly limited to the ﬁrst
two hydration shells, whereas in the noncognate ESG_GS
complex they extend almost to a distance of 10 A˚ due to the
larger separation between the protein and the noncognate
sequence. The GC3 and CG6/TA6 basepairs neighboring the
scissile phosphate group are exceptions because the minor
groove faces the bulk, resulting in a continuous radial
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distribution function till 10 A˚. In both the speciﬁc and the
noncognate complexes, the phosphates pointing toward the
protein (P2, P3, and P10–P12) are surrounded by a single
hydration shell. For the phosphates facing the solvent (P6,
P7, P14, P15), the g(R)s show several additional hydration
layers, which are not well structured with the exception of
P13 in the middle of the cognate sequence.
The running coordination numbers of the water molecules
computed for the ﬁrst hydration shell (up to 3.5 A˚) along the
six basepairs of the recognition sequence in BHM_GS and
ESG_GS models are presented in Table 1. The coordination
numbers in the ﬁrst two hydration shells are summarized
in the Supplementary Material. The noncognate ESG_GS
complex retains a full hydration layer around the recognition
FIGURE 1 Radial distribution functions (g(R)) and running coordination numbers (K(R)) of waters around the major and minor groove of the recognition
sequence of speciﬁc (bold line) and noncognate (thin line) substrates in complex with BamHI.
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sequence with the exception of the phosphates, whereas the
tight BHM_GS complex is signiﬁcantly dehydrated espe-
cially at the major groove that contacts the protein. The
major groove of the noncognate complex is also more de-
hydrated than the minor groove by nine water molecules.
The total coordination number computed for the in-
dividual basepairs shows variations along the recognition
sequence in both complexes, although in opposite directions.
In the speciﬁc complex, a maximal hydration is observed for
the basepairs 39 to the scissile bond (GC3 and CG6), whereas
the corresponding correct site in the noncognate structure
(GC3) exhibits a minimal coordination number. The hydra-
tion pattern is perturbed around the star site (TA6); the
running coordination number is greater by 1.6 water mole-
cules than that of the correct site. This suggests that water
distribution at the protein-DNA interface may be dependent
on the actual DNA sequence.
Water structure in both the minor and major grooves
shows sequence dependent variations (Fig. 2). It suggests
that in a loosely associated protein-DNA complex, the water
distribution is determined by the DNA sequence even in the
groove that faces the protein. In the major groove of the
speciﬁc complex, the basepairs neighboring the scissile phos-
phates from the 39 side (GC3 and CG6) are the most solvent
exposed, whereas in the noncognate complex the corre-
sponding basepairs (GC3 and TA6) are the least hydrated. In
the speciﬁc complex, waters in the major groove next to the
scissile phosphate occupy the position of the catalytically
essential metal ion cofactor and also ﬁll the space that is
required for the conformational changes during the catalytic
reaction. Partial dehydration of the basepairs 39 to the cleav-
age site suggests that GC3 and TA6 are the most exposed to
form contacts with the protein.
Since the protein and DNA coordinates were kept ﬁxed in
the CB/GCE run, the asymmetry of the two subunits in the
speciﬁc complex is also reﬂected in the water structure
obtained from the simulation. Due to the contact of the DNA
toAsp-196 of the R subunit, the minor groove of the ﬁrst half-
site is less hydrated in the speciﬁc complex and the maximum
hydration is shifted from the GC3 to GC2. We expect that in
the fully functional state of BamHI, where no such minor
groove contact is present in either subunit (29), the minor
groove of both basepairs 39 to the scissile phosphates has the
highest number of coordinated water molecules.
Indirect interactions with the phosphates are important for
stability of the speciﬁc complex, the formation of which
results in exclusion of most of the waters from the hydration
shells of those phosphates that contact the protein (P2–P5 of
the ﬁrst strand and P13–P15 of the second strand). The few
remaining water molecules form a single hydration shell with
a low (0–2) coordination number around the phosphates,
TABLE 1 Number of water molecules around the minor groove, major groove, and phosphates along the DNA basepairs of the
cognate (BHM_GS) and noncognate (ESG_GS) complex in the ﬁrst solvation shell (up to 3.5 A˚)
Major grove Minor groove Phosphate strand 1 Phosphate strand 2 Total
BHM_GS ESG_GS BHM_GS ESG_GS BHM_GS ESG_GS BHM_GS ESG_GS S(BHM) S(ESG)
GC2 (P2,P15) 1.7 7.1 6.2 8.8 0.0 2.8 4.6 3.8 12.5 22.5
GC3 (P3,P14) 2.1 5.0 4.4 6.2 1.5 2.1 5.4 4.5 13.4 17.8
AT4 (P4,P13) 2.0 6.6 1.0 7.2 1.0 0.8 1.9 5.5 5.9 20.1
TA5 (P5,P12) 0.1 7.0 2.3 8.3 0.2 1.6 0.0 1.1 2.6 18.0
CG6,TA6 (P6,P11) 3.2 5.4 6.4 7.9 1.9 3.8 0.8 2.3 12.3 19.4
CG7 (P7,P10) 2.0 5.8 3.7 7.7 4.0 4.3 0.7 3.4 10.4 21.2
S 11.1 36.9 24.0 46.1 8.6 15.4 13.4 20.6 57.1 119.0
FIGURE 2 Coordination numbers (K(R)) of water molecules in the ﬁrst
(up to 3.5 A˚, n) and the ﬁrst two hydration shells (up to 5.5 A˚,:) (A) in the
major groove and (B) in the minor groove along the basepairs of the
recognition sequence. Values referring to the speciﬁc sequence are con-
nected by straight lines, whereas those computed for the noncognate se-
quence are connected by dash-dotted lines.
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which participate in the indirect interactions. In the non-
cognate complex the contacts between the protein and DNA
are restricted to water mediated interactions with the phos-
phates, mostly at the correct ﬁrst half-site. Therefore P2–P5
and P13–P15 are also less hydrated than the other phosphates
facing the solvent, but their hydration is increased compared
to that in the speciﬁc complex (Table 1). The difference be-
tween the speciﬁc and noncognate complex is most pro-
nounced at the star site with the G/A substitution (1.5
water molecules).
Differences in hydration of the recognition
sequence between the cognate and
noncognate complex
Water release is one of the major driving forces of speciﬁc
complex formation between the protein and a DNA, and the
concomitant entropy increase makes a major contribution to
the free energy of binding (42,43). We found that local water
structure is inﬂuenced by a single basepair substitution in the
recognition sequence. We analyze the effect of this sub-
stitution on the amount of released water in the formation of
the speciﬁc complex.
Running coordination numbers (presented in Table 1)
computed for the ﬁrst and the ﬁrst two solvation shells of the
speciﬁc BHM_GS complex have been subtracted from those
obtained for the noncognate ESG_GS complex. In total, the
ﬁrst solvation shell of the noncognate complex contains 62
waters more than that of the speciﬁc complex, whereas in-
cluding the second solvation shell, 97 more waters can be
found. We propose that the additional water molecules are
released into the bulk in the process of speciﬁc complex
formation, i.e., upon transition from the noncognate to the
cognate structure. During this transition, 26 water molecules
are displaced from the ﬁrst hydration shell of the major
groove and 22 from the minor groove. Phosphates of the two
strands contribute to water release almost an equal amount of
seven waters each. Water release from the minor groove
might be overestimated due to the contact between the R
subunit of BamHI and the ﬁrst half-site of the substrate in the
speciﬁc complex.
Due to the perturbation in local water structure, the amount
of water released shows considerable variations along the
recognition sequence (Fig. 3). Largest hydration changes of
14–15 water molecules are associated with the middle two
basepairs (AT4 and TA5), whereas the smallest difference of
4.5 water molecules can be observed at the correct scissile
site (GC3). Interestingly, on the corresponding star site of the
sequence (TA6), the hydration difference is larger by 2.5
water molecules than at the correct site, indicating that water
release is affected at single basepair level. Sequence de-
pendent variations in hydration are more pronounced when
the second solvation shell is also taken into account (Fig. 3
B); changes in solvation around the correct and the star site
increase to 3.5 water molecules.
Energetics of interfacial water molecules in the
noncognate complex
We have shown that the formation of a high afﬁnity complex
requires the displacement of more water molecules from the
incorrect site of the recognition sequence than from the
correct site. However, energetic requirements of replacing
water molecules by protein groups are determined by the
interaction energies of the waters with the speciﬁc site to
which they are coordinated. In an attempt to elucidate
whether interaction energies can discriminate between the
correct and the star site, we have computed the solute-solvent
interaction energies of water molecules around the grooves
and phosphates of the recognition sequence (Table 2).
Clearly, solute-solvent energies are dependent on the se-
quence and thus they might serve as the energetic basis for
sequence discrimination. In the major groove, interaction
energies of the waters are strongest with the middle basepair
AT4, predicting the importance of this basepair for stability
of the complex, but are almost equal for the correct and the
star site (GC3 and AT6, respectively). Solute-solvent energies
of the scissile phosphates of the correct and the star site
clearly show a difference: the interaction energy of P11 is
FIGURE 3 Difference between the coordination numbers computed for
the major groove (n), minor groove (d), ﬁrst strand phosphates (:), second
strand phosphates (;), and total (¤) of each basepair of the recognition
sequence (A) in the ﬁrst hydration shell (up to 3.5 A˚) and (B) in the second
hydration shell (up to 5.5 A˚).
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lower by 2.9 kcal/mol than that of the corresponding phos-
phate on the ﬁrst half-strand (P3), suggesting that it is more
difﬁcult to replace the water molecules around the scissile
phosphate of the star site than around the correct site.
Interestingly, the interaction energies of the opposite phos-
phates (P6 and P14) with the surrounding water molecules
also differ from each other by 1.6 kcal/mol. Phosphates of
the central basepairs (P4 and P12) that contact BamHI have
lowest interaction energies in agreement with their role as
clamps in the high afﬁnity complex with a full 12 basepair
DNA (29).
DISCUSSION
Water is an essential participant in macromolecular binding
and it can contribute to recognition in several ways. Complex
formation is initiated by interactions between partners of
protein-protein or protein-DNA molecules with fully hy-
drated surfaces. During the process, speciﬁc bound waters
are expelled from the interface leading to burial of the con-
tact surfaces. Several water molecules, however, may remain
trapped at the interface and serve to mediate interactions
between the macromolecules. Interfacial water molecules in
speciﬁc complexes not only act as linkers, but they have also
been shown to buffer electrostatic repulsion between neg-
atively charged groups of protein and DNA (44).
Both crystallographic and computational evidences show
that hydration around the free DNA is mostly local and
correlates with the groove width (45–49). Thus water distri-
bution is sequence dependent: in general CG basepairs are
more hydrated than AT basepairs. Major groove hydration
patterns were proposed to offer the possibility for sequence
recognition (45–49). Since the protein-DNA interface in
nonspeciﬁc complexes is almost fully hydrated, we hypoth-
esize that water structure around the DNA in such complexes
is also determined by its sequence. This could offer a se-
quence dependent control of the amount of water released
during transformation of the loose (nonspeciﬁc) to the tight
(speciﬁc) form and thus regulate the local entropic con-
tribution of a given DNA sequence to the binding energy.
The presence of a protein, however, can perturb the water
structure around the DNA. The extent of the perturbation of
the water structure around the DNA by BamHI in non-
cognate sequences could be characterized by comparing the
hydration pattern found in this work with the hydration
pattern around uncomplexed DNA—this comparison is the
subject of future work.
Interfacial water structure in noncognate complexes has
not been characterized so far. To deduce the role of local
water structure in sequence discrimination, we have com-
pared the water distribution around cognate and noncognate
sequences in complex with the BamHI protein. The question
we focused on was whether local solvent structure around
the individual basepairs in the loose protein-DNA complex
can reﬂect perturbations in the recognition sequence. To this
end, fully hydrated models of both complexes were gen-
erated using CB/GCE simulations, and water distributions
around grooves and phosphates have been compared for the
speciﬁc and noncognate substrates. Since neither in the
speciﬁc nor in the noncognate complex does BamHI bend the
DNA upon binding, conformational effects on the hydration
pattern were not analyzed.
We demonstrated the robustness of the CB/GCE tech-
nique by reproducing all but one of the experimentally
determined waters and showed the usefulness of the tech-
nique for locating highly mobile water molecules that cannot
be resolved in the electron density map, thus complementing
crystallographic data on noncognate complexes. The reason
for missing the last crystallographic site could be either
a minor shortcoming of the potential parameter set or a minor
error in some of the heavy atom positions in the crystal
structure. Indeed, an additional use of the CB/GCE technique
could be to help reﬁning both experimental structures and
potential parametrizations through the analysis of such
‘missed’ experimental sites.
Interfacial water structure around individual basepairs was
found to follow a sequence dependent distribution in both
speciﬁc and noncognate BamHI complexes. This suggests
that DNA hydration in a loosely associated noncognate
complex is in principle determined by the basepair series,
thus serving as a ‘‘ﬁngerprint’’ of the given sequence.
Variations along the grooves of the six basepairs of the
recognition sequence are in opposite directions in the two
complexes: although basepairs 39 to the scissile phosphates
(GC3 and CG6) have the highest number of coordinated
water molecules in the speciﬁc complex, they are least hy-
drated in the noncognate complex. Since the noncognate
complex represents an intermediate during the conversion
TABLE 2 Average solute-solvent energies (kcal/mol) of water molecules bound in the minor groove, major groove, and phosphates
of the noncognate recognition sequence (ESG_GS)
Major groove Minor groove Phosphate I Phosphate II
GC2 (P2,P15) 7.55 6 0.55 13.85 6 0.95 13.27 6 0.42 16.43 6 0.43
GC3 (P3,P14) 7.58 6 0.43 9.78 6 0.47 12.65 6 0.45 15.1 6 0.37
AT4 (P4,P13) 12.74 6 0.50 9.30 6 0.32 16.81 6 0.97 14.01 6 0.32
TA5 (P5,P12) 7.03 6 0.36 10.65 6 0.44 15.63 6 0.64 17.02 6 0.85
CG6,TA6 (P6,P11) 7.32 6 0.41 11.33 6 0.52 13.51 6 0.36 15.55 6 0.53
CG7 (P7,P10) 7.16 6 3.1 13.51 6 0.71 17.02 6 0.43 12.28 6 0.34
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from the nonspeciﬁc to the tight complex (18), the partial
dehydration of the basepairs 39 to the scissile phosphates in
the noncognate complex can indicate their role as ﬁrst con-
tact points in the formation of the tight complex (50).
Sequence dependent variations of the water coordination
numbers in both the speciﬁc and noncognate complexes re-
sult in sequence dependent modulation of the number of
water molecules that are released between the loose and tight
complex forms. Most waters are released from the middle
basepairs and thus will provide the largest entropy contri-
bution to the free energy of binding in agreement with their
role as clamps in the high afﬁnity complex with a full 12
basepair DNA (29). We also found that waters are most
strongly associated with the major groove and phosphate of
these sites. Basepairs 39 to the scissile phosphates release the
smallest number of water molecules, thus they are not likely
a key factor in stabilizing the speciﬁc complex. We must
note, however, that the presence of metal ions can change
this observation, although speciﬁc binding by BamHI can be
achieved even in the absence of metals. There is a clear
difference of 2.5 water molecules in the ﬁrst hydration shell
and 3.5 waters in the second hydration shell between the
water release from the correct and the star site. We can
conclude that sequence dependence of interfacial water
structure can locally control the number of released water
molecules and can be used for discriminating between cor-
rect and star sites. Generalization of this ‘‘ﬁngerprint’’ hy-
pothesis would require analysis of more such nonspeciﬁc
complexes. This is currently in progress in our laboratory.
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